Calmodulin, a wide-spread eukaryotic Ca2+-binding protein, was phosphorylated at its tyrosine residues in Rous sarcoma virus (RSV)-transformed chicken and rat cells but not in normal chicken embryo fibroblasts. In contrast, serine and threonine phosphorylation of calmodulin was found to occur in both normal and virus-transformed cells. In an in vitro system containing purified src kinase from RSV-transformed cells, tyrosine phosphorylation of calmodulin by the src kinase was inhibited by Ca2+. Furthermore, the tyrosinephosphorylated calmodulin showed slower mobility than that of nonphosphorylated calmodulin in NaDodSO4/polyacrylamide gel electrophoresis when Ca2+ was present. These results suggest that the structure of calmodulin Ca2+ complex may be altered by tyrosine phosphorylation. It is thus inferred that Ca2+ may regulate the level of tyrosine phosphorylation of calmodulin in RSV-transformed cells, and phosphorylation in turn may attenuate the function of this protein in vivo.
The product of the transforming src gene of Rous sarcoma virus (RSV) has tyrosine-specific protein kinase activity (1) (2) (3) (4) . Although it is not clear whether this kinase activity is responsible for the cellular transformation by RSV, phosphorylation of tyrosine residues in membrane-and/or cytoskeleton-associated proteins such as vinculin (5) and a 36-kDa protein (6, 7) has been found to occur upon transformation of RSV-infected cells. During the course of purification of the src kinase from RSV-transformed cells and subsequent analysis of proteins phosphorylated by the purified enzyme (8) , it was found that calmodulin, a widespread eukaryotic Ca2l-binding protein (9) , was phosphorylated at tyrosine residues by the purified src kinase. Since calmodulin is one of the cytoskeleton-associated proteins (10) (11) (12) , we were interested in investigating further the tyrosine phosphorylation of calmodulin in normal and RSV-transformed cells. For these studies we took various precautions, because it is well known that the src kinase easily phosphorylates a large number of cellular proteins in vitro (13) (14) (15) (16) (17) (18) and that the in vitro phosphorylation does not necessarily guarantee that the substrate used is indeed a physiological target of the src kinase in vivo. We believe that our experiments are valid, because (i) a rapid isolation procedure (19) and a specific identification method (20) for calmodulin have been established; (ii) calmodulin can easily be recovered after trichloroacetic acid treatment (21) , which effectively suppresses phosphatase(s) in crude extracts; and (iii) calmodulin is a well-characterized protein (9) , and the effect of its phosphorylation may be detected by using one of the sensitive analysis methods. We show below that calmodulin is phosphorylated at tyrosine residues in RSV-transformed chicken and rat cells and that calmodulin phosphorylation is inhibited by Ca2+ in an in vitro system with purified src kinase. A structural alteration of calmodulin upon tyrosine phosphorylation is also demonstrated.
MATERIALS AND METHODS Materials. Chicken embryo fibroblasts (CEF) were prepared and infected with RSV (Schmidt-Ruppin A strain) as described (22) . The RSV-transformed rat cell line RR1022 was obtained from S. Decker (24) . L-Tyrosine-O-phosphate was synthesized and purified as described (25) 30 'C, and terminated by the addition of NaDodSO4 sample buffer (27) followed by heating at 980C for 2 min.
Other Methods. NaDodSO4/polyacrylamide gel electrophoresis was carried out as described by Laemmli (27) , using 5.5-18% or 13-18% gradient gels. Proteins were stained with Coomassie brilliant blue, and 32P-labeled proteins were detected by autoradiography of dried gels with the aid of intensifying screens. Phosphorylated amino acids were analyzed as described by Hunter and Sefton (4) except that 6 M HCl hydrolysis was carried out at 100°C for 3 hr.
RESULTS
Phosphorylation of Calmodulin in Normal and RSV-Transformed Cells. Calmodulin was purified from 32P-labeled CEF according to the method of Kakiuchi et al. (19) , which involves fixation ofcells with trichloroacetic acid followed by extraction with a buffer of neutral pH. This method was used because the yield of calmodulin was reported to be very high (19) and the acid fixation was effective in minimizing dephosphorylation of calmodulin during subsequent purification. Phosphorylation of calmodulin was analyzed by NaDodSO4/polyacrylamide gel electrophoresis and autoradiography (Fig. 1) . Apparently, calmodulins purified from both normal and RSV-transformed CEF incorporated radioactivity. Incorporation of 32p into calmodulin was higher in RSV-transformed CEF (Fig. la, lane 5) than in normal CEF (lane 4) . This observation appeared to be consistent with the finding (29) that the rate of calmodulin synthesis was increased in RSV-transformed CEF. We were also able to isolate 32P-labeled calmodulin from RSV-transformed rat cells (Fig. lb) . To confirm further that the phosphoprotein is a phosphorylated product of calmodulin, NaDodSO4 gel electrophoresis in the presence and absence of Ca2+ was performed (Fig. lb) . Calmodulin interacts with Ca2' and undergoes a conformational change even in the presence of NaDodSO4, thereby migrating faster in NaDodSO4 gel electrophoresis when Ca2+ is present (20) . The (Fig. 2) revealed that phosphorylation occurred mainly at serine and threonine residues in both normal and transformed cells. In addition, tyrosine phosphorylation was detected in phosphocalmodulin isolated from RSV-transformed CEF (Fig. 2a, lane 2) and rat cells (Fig. 2b) . The was, however, not detected in normal CEF calmodulin even after a prolonged exposure (Fig. 2a, lane 1) .
In Vitro Phosphorylation of Calmodulin by Purified src Kinase. In the previous study (8) , it was found that the purified src kinase phosphorylated exclusively tyrosine residues of mammalian and chicken calmodulins. Mammalian (9) and chicken (30) calmodulins contain only two tyrosine residues in a total of 148 amino acid residues, and the tyrosine residues reside in two of the four Ca2'-binding domains (9) . Therefore, phosphorylation ofthese tyrosine residues may be affected by Ca2+, and the tyrosine phosphorylation in turn may alter the structure of calmodulin. To test these possibilities, we studied in vitro phosphorylation of calmodulin in the presence or absence of Ca + and analyzed the phosphorylated products by NaDodSO4/polyacrylamide gel electrophoresis in the presence or absence of Ca2+. As shown in Fig. 3 Fig. 1 and calmodulin bands were excised, eluted, and partially hydrolyzed in 6 M HCl at 100TC for 3 hr. Phosphorylated amino acids were analyzed by cellulose thin-layer electrophoresis at pH 3.5 and pH 1.9 as described (4). Standard phosphoamino acids were detected by ninhydrin staining and 32P-labeled phosphoamino acids were detected by autoradiography at -80TC with intensifying screens. (a) One-dimensional phosphoamino acid analysis of phosphocalmodulin isolated from normal CEF (lane 1, 120 Cerenkov cpm, exposed for 4 weeks) and RSV-transformed CEF (lane 2, 135 Cerenkov cpm, 6 days). (b) Two-dimensional phosphoamino acid analysis of phosphocalmodulin from RSV-transformed rat RR1022 cells (1150 Cerenkov cpm, 3 days). Ser-P, phosphoserine; Thr-P, phosphothreonine; Tyr-P, phosphotyrosine.
calmodulin was indistinguishable from nonphosphorylated calmodulin (lanes 1 vs. 5). In the presence of Ca2", however, it migrated slightly more slowly than the majority of nonphosphorylated calmodulin (lanes 3 vs. 7). The calmodulin preparation used in this experiment contained a minor species that migrated, when Ca2+ was present, slightly more slowly than the major calmodulin species regardless of whether it was phosphorylated or not (lanes 6 vs. 7). This minor species could be a variant form of calmodulin (20) . It is also conceivable that this minor species is an unrelated contaminating protein that can be phosphorylated by src kinase. To eliminate this possibility, the nonphosphorylated species of calmodulin [i.e., that corresponding to the lower (major) band seen in lanes 6 and 7] was eluted from a Ca2+-containing gel in a separate experiment, freed from NaDodSO4 by acetone precipitation, and subjected to in vitro phosphorylation. Again, phosphorylation of the tyrosine residues was observed and the reaction was Ca2+ sensitive (data not shown). These results indicate that Ca2+ does interfere with the tyrosine phosphorylation of calmodulin by src kinase and that the structure of the tyrosine-phosphorylated calmodulin is different from that of nonphosphorylated calmodulin when Ca2+ is present.
DISCUSSION
We were not able to demonstrate the occurrence of calmodulin phosphorylation in the above-mentioned experiments without trichloroacetic acid fixation of cells at the first step Calmodulin contains only two tyrosine residues out of 148 amino acid residues and has four Ca2+-binding domains; one tyrosine is in the third and the other is in the fourth domain (9) . As demonstrated in the in vitro experiment with purified src kinase (Fig. 3) Once calmodulin is phosphorylated, the structure of calmodulin Ca2+ complex is altered. This is demonstrated by the difference in mobility of the phosphorylated and nonphosphorylated forms of calmodulin in NaDodSO4 gel electrophoresis (Fig. 3) . Furthermore, this structural alteration was observed in the presence of Ca2' but not in the presence of EGTA (see Fig. 3, lanes 1 and 3) . The result indicates that the alteration is caused by an indirect effect of phosphorylation (i.e., via Ca2' binding) rather than a direct effect of tyrosine phosphorylation. However, we lack direct evidence as to whether the tyrosine-phosphorylated calmodulin isolated from RSV-transformed cells also has an altered structure in the presence of Ca2', because the major phosphorylation occurs at serine and threonine residues in vivo ( Fig. 2 ) and the mobility difference of phosphorylated calmodulin in a Ca2+-containing gel is not clear (Fig. lb, lane   4) . Nevertheless, the occurrence of tyrosine-phosphorylated calmodulin in RSV-transformed cells and the result of the in vitro experiment (Fig. 3) raise the possibility that the structure of calmodulin is affected by tyrosine phosphorylation during cellular transformation by RSV.
In this paper we have shown the presence of tyrosinephosphorylated calmodulin in RSV-transformed cells. A most straightforward explanation for this is that calmodulin is directly phosphorylated by the src gene product of RSV. In RSV-transformed cells, vinculin (5) and the 36-kDa protein (6) are also known to have phosphorylated tyrosine. However, structural or functional changes of these proteins upon tyrosine phosphorylation have not been demonstrated, mainly because of the lack of adequate analytical methods for these proteins. In contrast, calmodulin has been well characterized both structurally and functionally (9) and, therefore, in vitro phosphorylation of this multifunctional modulator protein by purified src kinase is anticipated to provide a suitable model system for the analysis ofthe effect oftyrosine phosphorylation on the activity of a functional protein.
